One of the most promising emerging wide bandgap materials, b-Ga 2 O 3 , has a direct energy bandgap of $4.9 eV at room temperature. 1 It has higher values of breakdown field and Baliga's figure of merit (BFOM) than other wide bandgap materials. 2, 3 These properties make b-Ga 2 O 3 attractive for next-generation high power electronic devices especially in harsh environments. 4 In addition, b-Ga 2 O 3 , which can detect photons in the deep ultra-violet (UV) spectral region, could be utilized for flame monitoring, detection of missiles, and UV dosimetry. 5, 6 To date, crystalline b-Ga 2 O 3 substrates have been obtained by various growth methods. [7] [8] [9] [10] [11] Film deposition of b-Ga 2 O 3 has also been investigated, 1, [12] [13] [14] [15] where to this point, the crystallinity of the deposited thin-films has generally been inferior to the bulk substrates. Recently, the mechanical exfoliation method to obtain two-dimensional (2D) b-Ga 2 O 3 flakes from the crystalline bulk substrate has been developed, [16] [17] [18] which allows the investigation of the (opto)electronic properties of high quality 2D b-Ga 2 O 3 . Mitdank et al. 19 reported that the properties of exfoliated crystalline films are comparable to those of the bulk single crystals. Opto-electronic devices based on the exfoliated 2D b-Ga 2 O 3 have been demonstrated by fabricating a field-effect transistor (FET) 17 and a photoconductive-type solar-blind photodetector. 20 Also, the effects of the contact metal on the exfoliated b-Ga 2 O 3 flakes have been characterized using different metals, ambient and annealing temperatures. 21 Mechanical exfoliation by using an adhesive tape is a well-known technique to obtain 2D materials, of which the height can be as thin as a monolayer. Just as in the production of graphene from bulk graphite, 22 2D flakes with high crystalline quality are separated, and they can be transferred onto any desired substrate using this method, without the lattice mismatch and growth-induced strain. However, when using this mechanical exfoliation technique, it is difficult to control the thickness of the transferred flakes, 17, 20 which limits the implementation of the 2D materials into practical uses. For example, the threshold voltage of the 2D materialbased FETs will depend on their thickness as the channel layer. Fine-tuning of their thickness is critical to facilitate the investigation of the electrical and opto-electronic properties of 2D materials. Lee et al. 23 showed that the electrical properties of 2D black phosphorus can be controlled by reducing its thickness using plasma etching. Especially in case of b-Ga 2 O 3 , it is challenging to obtain ultrathin flakes below a thickness of 100 nm because b-Ga 2 O 3 is a three-dimensional material, not a van der Waals material. Although few-layer b-Ga 2 O 3 flakes were obtained by the mechanical exfoliation technique, 16 the yield will be very low, and the size of the flakes will be small after a repeated number of the exfoliation cycles.
To control the thickness of a semiconductor, etching, either dry or wet, is commonly used. Dry etching is fast, easy to control, and highly anisotropic. Accordingly, in this paper, we report thinning of b-Ga 2 O 3 flakes using a dry etching technique that has good uniformity and is suitable for large scale production. There have been few studies on etching of b-Ga 2 O 3 . [24] [25] [26] In the present study, we obtained the initial b-Ga 2 O 3 flakes by using a mechanical exfoliation method and controlled the thickness of the flakes with the reactive ion etching (RIE) technique, which is compatible with the standard Si-based industry practices. SF 6 gas is a common etch gas in the silicon industry and is less toxic and less corrosive than chlorine or bromine. We carried out etching by using SF 6 gas and systematically analyzed the optical, a) structural, morphological, and opto-electronic properties of the plasma-etched b-Ga 2 O 3 flakes. Figure 1 (a) depicts the mechanical exfoliation process of b-Ga 2 O 3 from a bulk substrate (Tamura Corp.) that had been grown by the edge-defined film-fed growth method and then was transferred onto a sapphire substrate. The sample was plasma-etched using the RIE (RIE 5000, SNTEK) etcher as shown in Fig. 1(b) . For the etching process, SF 6 gas with a flow rate of 50 sccm and 100-200 W of applied 13.56 MHz power at a pressure of 3.5 Â 10 À2 Torr was used. The etching time was varied from 5 to 15 min; and three samples were used for each etching experiment.
The surface morphology was characterized by an optical microscope (BX51M, Olympus) and a scanning electron microscope (SEM; FESEM S-4700, Hitachi). An atomic force microscope (AFM; Innova, Bruker) and a surface profiler (D-100, KLA-Tencor) were used to measure the height of the flake before and after dry etching. Note that the sapphire substrate was also etched under our RIE conditions. 27 Therefore, the height of b-Ga 2 O 3 thinned by RIE was obtained by subtracting the height of the etched sapphire from the total etched height of sapphire and b-Ga 2 O 3 . To analyze the structural changes induced by plasma etch, transmission electron microscopy (TEM; JEM 2100 F) in conjunction with the focused-ion beam method and micro-Raman spectroscopy under back-scattering geometry using an excitation wavelength of a 532 nm diode-pumped solid-state laser was used.
For the characterization of the opto-electronic properties, two metal electrodes were defined via a standard photolithography process. The electrical properties of b-Ga 2 O 3 were obtained using a semiconductor parameter analyzer (Agilent 4155 C) under a low vacuum condition (8 mTorr) at room temperature. UV illuminations at the wavelengths of 254 and 365 nm (UV lamp, UVITEC) and visible light illumination at 532 nm were chosen to obtain the spectral photoresponse properties. A time-dependent measurement of the photoresponse was carried out at 10 V under the low vacuum condition.
Figures 2(a) and 2(b) show the optical microscopic images of the b-Ga 2 O 3 flake before and after the plasma etch using SF 6 gas with a flow of 50 sccm at a power of 200 W for 15 min. The residue of the adhesive tape that occurred during the dry transfer process was removed after RIE etching, which shows that plasma etching process also can be used for the removal of the transfer residues. By comparing optical microscopic images and AFM images (Figs. 2(a)-2(d) ), a reduction in the width of the flake is noticeable. This is because the edges of the flake have many dangling bonds that can readily react with the fluorine radicals. Although both the lateral etch and the vertical etch can occur during the RIE process, the nature of the ultrathin flake makes the vertical etch prominent, as shown in Fig. 2(b) , where the thin area of the flake was etched away inside the red circle. Therefore, we believe that few-layer b-Ga 2 O 3 flake can be obtained by optimizing the RIE-assisted thinning process. AFM images (Figs.  2(c) and 2(d) ) of the flakes also confirm that the flake was uniformly thinned by RIE. The as-transferred b-Ga 2 O 3 flake consisted of three regions: from the left-top, the heights of the regions were 300, 404, and 527 nm, respectively. AFM image of the flake after RIE-assisted thinning is shown in Fig. 2(d) , where a reduction of the width of the flake is clearly evident. To analyze the change in the height by etching, the thicknesses of the three regions that were mentioned above were re-measured, where the heights became 150, 255, and 378 nm, respectively. Since the sapphire substrate was also plasma-etched in addition to the b-Ga 2 O 3 flake, the changes in the height include the total etched height of the sapphire and b-Ga 2 O 3 . The etch rate of the sapphire substrate was estimated to be $6 nm/min under the above-mentioned conditions, when averaged over 15 min. However, three areas with different heights were maintained, which indicates that the same face is uniformly thinned by RIE. Height profiles of the RIE-thinned b-Ga 2 O 3 flake were measured along the scan lines marked in Figs. 2(a) and 2(b) , showing that the thinnest flake had a height of $60 nm. Although the large difference between the lattice constants allows mechanical exfoliation to occur in b-Ga 2 O 3 , the thickness of the mechanically exfoliated b-Ga 2 O 3 is normally over 200 nm because b-Ga 2 O 3 is not a van der Waals material. The reduction in width caused by the plasma etch was also confirmed by comparing the AFM and microscope images, implying that our method can be used to define the channel area because the size and shape of the exfoliated flakes are difficult to be controlled. Edge of the flake was recessed by approximately 1 lm as a result of 15 min etch, which is very fast. It appears that the edge of the flake was readily etched from both the vertical and lateral sides simultaneously, which resulted in a higher etch rate. To obtain the etch rate under various conditions, we used the 100 and 200 W power levels for 5, 10, and 15 min. Figure 2(f) shows the results of each etch depth. At 100 W, the etch depth was negligible. A linear relationship between etch depth and time was observed at 200 W. Based on these results, it can be determined that an etch rate of 16.4 nm/min was obtained using a SF 6 plasma with a flow of 50 sccm at 200 W. SF 6 gas reacts with b-Ga 2 O 3 , forming volatile oxygen fluoride compounds (and possibly oxygen) and non-volatile GaF X , which has a low vapor pressure. Sreenidhi et al. 28 etched GaN and obtained an etch rate of $10.6 nm/min using an SF 6 /Ar plasma, reporting that Ar helps to more efficiently remove the non-volatile GaF X formed during etching; this, in turn, helps to improve the etch rate. Similarly, Basak et al. 29 etched GaN using SF 6 and obtained an etch rate of 5.4 to 15.4 nm/min for bias voltages from 250 to 400 V. They concluded that the etching mechanism is the formation of volatile NF X and non-volatile GaF X , the removal of which is facilitated by the physical sputtering effects. The etching mechanism of b-Ga 2 O 3 is likely similar to the previous reports of GaN etch. SF 6 reacts with the surface of the b-Ga 2 O 3 flake and forms the GaF X . Then, bombardment by positive ions eliminates the GaF X layer effectively by physical sputtering. Our etch rate is comparable to that with chlorine-based gas ($8 nm/min) where volatile compounds such as GaCl X form. However, SF 6 has a merit of less toxicity, less corrosiveness, and less compatibility with the silicon manufacturing process.
A top-view SEM image of b-Ga 2 O 3 flake etched for 15 min is shown in Fig. 3(a) , demonstrating that the surface of the RIE-etched flake was very smooth. Figure 3(b) is a cross-sectional TEM image of an etched b-Ga 2 O 3 flake where Pt was deposited to protect the surface of the flake during the focused-ion beam cutting. Less crystallinity was observed at the surface region ($5 nm) between Pt and b-Ga 2 O 3 , indicating the presence of plasma-induced damage on the surface. A selected area electron diffraction (SAED) pattern is displayed in the inset of Fig. 3(b) . Although a dim ring pattern induced by etching damage is observed, other diffraction patterns are evident, which confirms the minimal etching damage as well as the preservation of the crystallinity. We believe that the damage on the surface can be minimized by optimizing the etch conditions. One of the techniques used to analyze the defects is micro-Raman spectroscopy. Although Raman spectroscopy is generally employed to analyze the volumetric properties of the sample, it is also sensitive to the biaxial strain and the defects on the surface. Fig.  3(c) shows the evolution of Raman spectra of the RIE-thinned b-Ga 2 O 3 . From the top of graph, the Raman spectra normalized with the Si peak are displayed at 5 min intervals for 30 min etch, where the phonon modes are in good agreement with the previous report. 30 The position of the Raman shift and the full width at half maximum of the peaks were both analyzed, implying that there was nominal change, which is consistent with the results of SEM and TEM.
To investigate the opto-electronic properties of the plasma-thinned b-Ga 2 O 3 , we fabricated a photoconductivestructured solar-blind photodetector using an etched b-Ga 2 O 3 flake. They were characterized in the dark, and also under illumination at UV-visible wavelengths of 532, 365, and 254 nm by measuring the photocurrents as shown in Fig. 4(a) . The linear I-V curve suggests that good Ohmic contacts were formed between the b-Ga 2 O 3 flake and the Ti/Au electrode. Bae et al. 21 reported that Ti/Au electrodes can form Ohmic contacts with unintentionally doped b-Ga 2 O 3 . In our experiments, a drastic increase of current, which was higher than results of previous studies, was observed due to the increased number of donor-like defect centers. Higashiwaki et al. 2 demonstrated that the RIE treatment could generate a large density of surface defects, such as vacancies, that can act as donors. According to Ping et al., 31 the damage induced by the SiCl 4 was beneficial for improving Ohmic contacts on GaN. For the photoresponse of the solar-blind device at different wavelengths, there was no meaningful change between dark condition and 532 nm illumination; however, a noticeable response was observed under 365 and 254 nm UV light. It is expected that b-Ga 2 O 3 should have no responsivity above $290 nm because of its $4.9 eV bandgap. However, pristine b-Ga 2 O 3 flakes showed similar behavior at visible wavelengths, which is attributed to the presence of intrinsic defects including oxygen vacancies. 20 Fig. 4(b) shows the time-dependent photocurrent under illumination at different wavelengths of 254, 365, and 532 nm; each peak was normalized by the dark current. As mentioned above, there was no change at 532 nm, but a change of current was observed at 254 and 365 nm. The photoresponse at 254 nm was higher than that at 365 nm due to the band-to-band excitation. On the other hand, defect-to-band or band-to-defect excitations are the main factor for the photocurrents at 365 nm. For a more detailed analysis, the photocurrent peaks at 254 and 365 nm were fitted using a bi-exponential relaxation equation below (Figs. 4(c) and 4(d) ) [32] [33] [34] 
I 0 is the steady-state current, A and B are constants, and t is the time. Both s 1 and s 2 are relaxation time constants, and we defined s 1 and s 2 as the fast and slow response time constants, respectively. s r and s d are constants in the rise and decay regions, respectively. Since the response and decay time constants are related to the defective sites, we compared them by using the un-etched and etched flakes and conclude that the results are comparable, 20 indicating that the plasmaassisted thinning of the exfoliated b-Ga 2 O 3 flake did not degrade its opto-electronic properties.
In summary, mechanically exfoliated b-Ga 2 O 3 flakes were thinned by using RIE with SF 6 , demonstrating a high etch rate of 16.4 nm/min with good uniformity on flakes thinned to $60 nm. Volatile oxygen fluoride compounds and non-volatile etch products such as GaF X were removed by ion-assistance, producing smooth morphology. A reduction of width as well as height of the flakes was observed as a result of the plasma etching. Optical, structural, and morphological properties of the plasma-thinned b-Ga 2 O 3 flakes were characterized. Solar-blind photodetector devices based on the plasma-thinned b-Ga 2 O 3 flakes showed that the optoelectronic properties were preserved through the thinning process. Our RIE-based thinning method proposes a scalable and industry-compatible way to control the thickness of the exfoliated 2D flakes for the implementation of 2D materialbased nanodevices.
